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Importance of precision diagnostics in healthcare has been ignited by the idea that early detection of cancer would immensely 
benefit patients in terms of more effective and timely treatment modality. Clinical samples in the form of biopsy 
specimen/serum/urine/saliva contains an ocean of diagnostic information to generate conclusive information for more precise and 
evidence-based options to manage cancer. However, to achieve this, there is a need detect biomarkers, that can provide significantly 
increased diagnostic accuracy. Nanobiosensors have undoubtedly boomed to claim ultrasensitive detection of DNA cancer 
biomarkers in attomolar and femtomolar range. However, ultrasensitive and accurate detection of protein biomarker is rare. This 
work describes fabrication of a hierarchical gold nano-biosensor (HAu) for ultra-sensitive detection of cancer protein biomarkers in 
pg/mL range. Unique chemical modification during electrochemical synthesis has rendered highly uniformed and dense 
nanostructures of gold on a solid platform. Factors affecting homogeneity and sensitivity of the sensing platform have been 
optimized in detail. Voltammetric sensing based on antibody-antigen interaction on the given sensing platform has demonstrated a 
wide linear range of detection for EGFR varying from 10 pg/mL to 1 ng/mL concentration. 
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Sensitive and accurate detection of biomarkers is of 
utmost importance and demand, especially for early 
detection, diagnosis and treatment of any diseases1,2. 
Biomarkers can be a protein, DNA/RNA, or any other 
biomolecule3,4. Measurement of protein biomarker is a 
promising way to derive information regarding risk 
factor of a given disease or permit early detection 
of disease for better treatment modality5,6. These 
biomarkers are often present in trace levels mixed 
with various other proteins, making the procedure 
quite laborious7,8. Despite the ordeals, there has been 
huge progress in the field of biomarker detection 
technologies and numerous target specific biomarker 
detection methods have been developed. 
The present scenario for screening and detection of 
discrete biomarkers is based on the use of enzyme-linked 
immunosorbent assay (ELISA), target specific bioassays, 
and Next Generation Sequencing (NGS) along with, yet 
evolving tools like DNA chips/ microarrays9. Although 
these techniques are established and sensitive, they are 
expensive, technically burdensome, and time-consuming 
methods10. Since there is no universal ultrasensitive 
enzymatic amplification method for proteins like 
polymerase chain reaction (PCR) or microarray for the 
detection of nucleic acid, thus a diagnostic tool with 
ultra-sensitivity (pM, fM concentration or lower) and 
specificity is highly required. 
In recent years, enhancements in the field of 
biomolecule detection treatment have taken advantage 
of the burgeoning use of nanomaterials to create novel 
nanobiosensors11,12. Generally, nano-biosensors are 
based on nanoparticles that are conjugated to a specific 
targeting ligand. The specificity is brought about by 
ligand, which tends to binds to the particular marker or 
protein of interest. Nano-biosensors usually because of 
higher biocompatibility, sensitivity and specificity show 
dramatic supremacy over most conventional detection 
kits and sensing systems13. Especially, the biosensors 
that rely on electrochemical signals to detect quantitative 
variation in bio-analyte14. An electrochemical sensor 
couples a bio-receptor (e.g. protein, DNA) to a 
transducer surface to convert a biological correspondence 
(e.g. antibody-antigen interaction, complimentary 
hybridization) into a measurable current signal. 
Tremendous efforts have been put forward on the 
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realization of electrochemical biosensors for detection of 
biomarkers at both protein and DNA level15. 
Amongst various nanomaterials, gold nanoparticles/ 
nanostructures have attracted an enormous amount of 
interest for biological sensing applications. Gold 
nanoparticles have unique optical, physical and catalytic 
properties that include high electrical conductivity, 
reflectivity, and easy surface functionalization for 
conveniently adhering desired the bio-analyte16-19. Gold 
is also non-reactive and relatively inert which makes it 
good for in vivo and in vitro analysis of biomolecules20. 
Furthermore, low cytotoxicity and high biocompatibility 
of gold has been demonstrated by a number of clinical 
studies, making it an ideal substrate for immunosensor 
fabrication20–22. Several efforts in the development  
and performance augmentation of gold nanostructures  
as sensitive and selective biosensor have recently 
surface23-26. 
Gold nanostructure assisted nanobiosensors can be the 
next generation tool for rapid and enhance disease 
detection. However, there is still ample scope for 
improvement in the biosensing technology; hence there is 
a need to reassess the strategies to detect low 
concentrations of biomarkers meanwhile also taking care 
of false positive results. Stable and uniform 
immobilization of antibodies onto a sensing surface 
without altering their specificity and immunological 
activity is the other crucial aspect of nano-biosensor 
fabrication. Non-homogeneity in immobilization may 
strongly affect the detection limit, sensitivity, 
repeatability and thereby hampering overall sensor 
performance in real-time27. Not many efforts have been 
made to see the effect of surface roughness, 
homogeneous coverage of nanostructures in a 
biosensor28. In this work, we have emphasized on 
intensifying surface roughness and surface coverage of 
immunoassay-biosensor along with ameliorating 
homogeneity in protein immobilization for ultrahigh 
sensitivity of detection. A 3D hierarchically 
nanostructured gold electrode (HAu) has been prepared 
by a simple electrodeposition methodology, extensively 
optimized to obtain uniform growth of the nanostructure. 
This platform can be potentially utilized for protein/ 
DNA biomarkers for cancer. EGFR is a protein that is 
often upregulated in various types of cancer. As a 
prototype, here EGFR is detected using antigen-antibody 
interaction and its dynamic range of detection has been 
evaluated. 
 
Materials & Methods 
 
Materials & Reagents 
Gold coated 1‖ × 3‖ glass slide, Bradford’s reagent 
(from Thermo Scientific); Platinum (Pt) mesh 
electrode; Ag/AgCl electrode (CH Instruments Inc.); 
HAuCl4.3H2O salt, Sodium phosphate monobasic and 
dibasic, Potassium ferrocyanide and ferricyanide , 3-
Aminopropyl triethoxysilane, 11-Mercaptoundecanoic 
acid (MUA), N-(3-Dimethylaminopropyl)-N′ -ethyl-
carbodiimide hydrochloride (EDC), N-Hydroxy-
succinimide (NHS), and Bovine serum albumin 
(BSA) (from Sigma Aldrich), Epithelial Growth 
factor receptor (EGFR) Rabbit monoclonal Antibody 
(Cell Signaling Technology), EGFR Protein, Human, 
Recombinant (Sino Biological). All chemicals and 
solvents used were of Analytical grade. 
 
Electrodeposition of hierarchical gold (HAu) sensing electrode 
Electrochemical remodeling of a plain gold surface 
to obtain the 3D hierarchical surface was achieved 
using EmStat3+ potentiostat (PalmSens BV, 
Netherlands). A three electrode cell with Platinum 
(Pt) mesh counter electrode, Ag/AgCl electrode 
reference electrode and gold/ glass (0.7 cm × 0.7 cm – 
active area) in presence of 2 mg/mL HAuCl4 in 0.2 M 
H2SO4 electrolyte solution with 0.2% v/v APTES was 
used for effectuating growth27. Linear sweep 
voltammetry (LSV) was performed between − 0.8 to 
− 0.2 V potential with a scan rate of 0.01 V/s and 
electrodeposition was performed up to accumulation 
of 30 Coulomb charge. 
 
Surface functionalization of HAu 
Hierarchical gold (HAu) electrode was dipped in a 
10 mM ethanolic solution of MUA for 45 min 
followed by thorough rinsing in ethanol. Thereafter, 
the –COOH functionalized HAu electrode was 
activated by a mixture of 80 mM NHS and 80 mM 
EDC and incubated for 55 min at room temperature. 
 
Protein estimation using Bradford assay 
Standard calibration curve of BSA was prepared 
using a protein stock solution of 2 mg/mL in 0.1 M 
PBS and its desired dilutions. Optical density 
measurement was done at 595 nm wavelength. in 
order to estimate amount of bound protein on the HAu 
electrode surface, 25 µg of BSA was incubated for 2 h 
on the –COOH functionalized HAu electrode. 
Incubation was followed by washing (5 times using 
0.1 M PBS), the wash buffer was collected and stored 
for bound protein estimation. The experiment was 
repeated 3 times on 3 sets of electrodes – plain gold 
electrode with surface functionalization, HAu 
electrode with surface functionalization, and HAu 
electrode without surface functionalization. Optical 
density was measured at 595 nm on each set of 




collected wash buffer for estimation of unbound protein, 
thus, knowing the bound protein on the sensing surface. 
 
Antibody - Antigen immunosensing on surface functionalized 
HAu electrode 
EGFR immunoglobulin (Antibody) of 500 ng/mL 
concentration was incubated onto the -COOH 
activated HAu electrode for 2 h at room temperature. 
Different concentrations of EGFR recombinant 
protein solutions ranging from 1 ng/mL to 10 pg/mL 
was interacted with the immobilized immunoglobulin 
molecules on the HAu electrode at room temperature 
for 2 h followed by Cyclic voltammetry analysis. 
 
Results and Discussion 
 
Formation of HAu electrode 
HAu electrode was electrodeposited by Linear 
sweep voltammetry (LSV). During electrodeposition, 
plain gold surface morphology transforms from 
lustrous golden to rough dark brown colour. A distinct 
difference in the conductivity of the resultant HAu 
electrode was observed as shown in the cyclic 
voltammogram (CV) in (Fig. 1). Redox activity was 
significantly improved in comparison to that of a 
plain electrode. It is observed from (Fig. 1) that plain 
gold electrode’s oxidative peak current is at 236 µA; 
whereas that for HAu electrode is as high as 1779 µA. 
The apparent reason for increase in the peak current 
and overall the integral area of the CV is the increase 
in surface area of the gold electrode on transformation 
to micro/nanostructured surface. Use of optimum 
amount of APTES further enhanced the conductivity 
of HAu electrode by almost 8 fold. 
Surface morphology of the HAu electrode was 
observed by SEM. Figure 2 shows a predominant 
growth of 3D hierarchical gold micro/nanostructures 
on the electrode. It can be seen from (Fig. 2) inset that the 
nanostructure dimension is around 300 nm × 200 nm. 
The nanostructures look quite homogeneously 
distributed That is most likely to promote uniform 
immobilization of biomolecules and hence endorse 
higher reproducibility of a biosensor. 
 
Surface functionalization of HAu electrode for covalent 
binding of protein 
Optimum surface modification sturdy and reliable 
enough to facilitate strong protein clamping onto the 
electrode sensing area is indispensable to a protein 
detecting biosensor design. Covalent binding of 
protein using self-assembled monolayers of organic 
molecules is a promising method. A well known 
surface chemistry was used by binding MUA on the 
gold electrode surface through thiol linkage (-SH), 
simultaneously keeping the carboxyl end facing 
towards the exterior side. Thereafter, the electrode 
was reacted with EDC and NHS to activate the  
–COOH linkage for strong binding of protein via –
CO-NH (amide) bond formation, CV was measured 
after every consecutive step of surface modification 
and is shown in (Fig. 3). A distinct reduction in the 
redox peaks was observed upon MUA treatment. 
Further, slight suppression of the redox peaks was 
again observed on addition of EDC-NHS on the MUA 
treated sensing surface. It hindered the interaction of 
the gold nanostructures with the Fe(CN)6
3-/4- thus, 
showing lower redox activity. Finally, on BSA protein 
immobilization, the redox peaks were seen to 
significantly get suppressed, demonstrating the 
isolating nature of BSA protein. 
 
 
Fig. 1 — Comparison of CV of equimolar [Fe(CN)6]
− 3/− 4 in KCl 
using plain gold and HAu electrode 
 
 
Fig. 2 — SEM image of as prepared HAu electrode. Note: Inset 
showing high magnification image 




Formation of monolayers of MUA, EDC-NHS on 
HAu electrode followed by covalent binding of protein 
was also validated by FTIR spectroscopy. Figure 4 
shows the IR spectra of MUA and EDC-NHS 
functionalized HAu electrode followed by protein 
immobilization. The peaks were identified using 
previous literatures30-32. In brief, attachment of MUA on 
HAu electrode was confirmed with the presence of 
peaks at 558 cm− 1 and 731 cm− 1 assigned to stretch 
mode of C-S (formation of Au-S covalent bond). Bands 
at 1157 cm− 1, 2852 cm− 1, and 2916 cm− 1 were observed 
for the alkyl chains in MUA. The band at 1201 cm− 1 is 
identified as the C-OH stretch mode of the –COOH 
group of MUA. Symmetric and asymmetric COO−  and 
C=O stretch of –COOH were observed at 1222 cm− 1 
and 1308 cm− 1. Further, formation of NHS ester 
(spectrum (ii)) was confirmed by bands at 1088 cm− 1, 
1250 cm− 1, 1365 cm− 1, 1750 cm− 1, 1793 cm− 1, and 
1823 cm− 1. The bandat1088 cm− 1 is due to the N-C-O 
stretch of NHS ester. A symmetric C-N-C stretch of 
NHS ester  
was observed at 1365 cm− 1. Peaks at 1750 cm− 1 and 
1793 cm− 1 were observed for the C=O asymmetric and 
symmetric stretch of C=O carbonyls of NHS carbonyl 
respectively. Protein immobilization was confirmed by 
formation of –CO-NH amide bond (spectrum (iii)) as 
shown by the bands at 1552 cm− 1 and 1674 cm− 1. 
 
Estimation of bound protein (BSA) on HAu electrode 
Table 1 represents quantitative estimation of 
immobilized protein on the surface functionalized 
HAu electrode. An indirect way of measurement was 
used to estimate the amount of immobilized protein 
on the HAu electrode. Unknown amount of protein 
found in the wash buffers of different sets of 
electrodes were estimated from the standard curve of 
BSA populated by Bradford assay. Bound protein was 
thus estimated by subtracting the amount of unbound 
protein from the originally incubated amount of 
protein. Binding efficiency of BSA on functionalized 
plain gold electrode was found to below (~28%) due 
to less surface area available as compared to high 
binding efficiency on functionalized HAu electrode 
(94%) that was primarily for the enhanced surface 
area due to nanotexturing. HAu electrode having no 
surface functionalization shows weak binding 
efficiency of protein, thus indicates that mere 
physisorption for binding protein on an electrode 
surface is not sufficient for sensing application. 
 
Sensitivity performance HAu immunosensor 
CV was performed on the HAu electrode 
immobilized with EGFR antibody followed by 
interaction of EGFR protein (Fig. 5) in equimolar 
solution (0.75 mM) of K3Fe(CN)6 and K4Fe(CN)6 in 
0.1 M of KCl electrolyte. In coherence with previous 
results upon covalent immobilization of 500 ng/mL 
EGFR immunoglobulin protein on the sensing 
surface, a large suppression in current was observed 
in comparison to a pristine HAu electrode. Thereafter, 
binding affinity and sensitivity of EGFR immunoglobulin 
for EGFR protein (antigen) was measured by studying 
natural affinity between the Antibody-Antigen using 
different concentrations of EGFR antigen (ranging 
from 1 ng/mL to 10 pg/mL). Figure 5 shows a sharp 
 
 
Fig. 3 — CV of equimolar [Fe(CN)6]− 3/− 4 in KCl using HAu 




Fig. 4 — FTIR spectra of HAu electrode chemically modifications 
using (i) MUA; (ii) EDC-NHS; (iii) BSA protein 
 




reduction in the redox peak current with increase in 
antigen concentration. Suppression in the redox peak 
is an obvious indication of reduced electron transfer 
activity at the sensing surface of HAu electrode. 
Addition of antigen adds to insulating layers by 
forming antigen-antibody complex at the HAu 
electrode Thus, blocking more and more electron 
transfer between the electrodes. 
 
Conclusion 
Our entire study was primarily focused on 
improvement of the overall performance of the 
proposed affinity based HAu biosensor. In this 
context, we could demonstrate that the hierarchical 
and uniformly distributed gold nanostructures, that 
were electrodeposited by LSV in presence of 
optimum concentration of APTES additive showed an 
excellent surface coverage of protein molecules as 
high as 94%. In addition, surface functionalization 
using covalent binding on the HAu surface was quite 
rapid in comparison to that on a plain gold surface. As 
a result, protein immobilization on the HAu surface 
was also strong and effective as proven by the CV and 
FTIR analysis. We also demonstrated that these HAu 
electrodes are highly sensitive towards detection of 
proteins by employing Antibody-Antigen interaction 
where specifically EGFR antigen could be detected by 
EGFR antibody with a broad linear range of 1 ng/mL 
to 10 pg/mL. With such high sensitivity, there exists 
strong prospect for early detection of other protein 
biomarkers of cancer as well. 
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